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Unusual transport characteristics of nitrogen-doped single-walled carbon nanotubes
Since the discovery of single-walled carbon nanotubes ͑SWCNTs͒ in 1993, its electrical transport properties have been intensely studied owing to the quasi-one-dimensional electron system as well as various potential applications. 1 SWCNTs can be metallic or semiconducting, depending on a subtle change in the wrapping direction of the graphene sheet. [2] [3] [4] [5] While the metallic nanotube has been interesting because of its unprecedented large endurable current density, the semiconducting one has been more attractive as an ingredient in nanoscale electronic devices for future semiconductor technology. [6] [7] [8] [9] For the nanotube-based devices to be practically adopted in electronics, a full control of carrier type and carrier concentration is essentially required. In this regard, the charge transfer from/to the physically or chemically adsorbed species has been widely studied. Potassium or amine-containing molecules have been shown to induce the n-type characteristics of SWCNT-field effect transistors ͑FETs͒. 10, 11 Adsorption of environmental oxygen has been believed to be the origin of the common p-type behaviors of SWCNT-FETs. Oxygen molecules induce a hole doping in the nanotube channel as well as reduce the Schottky barrier at the metalnanotube contact. [12] [13] [14] [15] For a more stabilized control of carrier density in SWCNTs, substitution of foreign atoms may be preferred. While nitrogen atom has naturally been considered a good electron dopant, Czerw et al. 16 reported that nitrogen dopants in the multiwalled bamboo structures constitute pyridinelike configurations, giving rise to strong electron donor states near the Fermi level. Zhao et al. 17 also conjectured possible configurations of the nitrogen dopants in SWCNTs. They suggested that the nitrogen dopant, either in the form of a chemical adatom or the pyridinelike configuration, would lead to the p-type nanotubes, whereas the substitutional nitrogen dopant induces the n-type doping.
Recently we reported that N-SWCNTs were directly grown on SiO 2 / Si substrates at 450°C with methane and ammonia gases by water plasma chemical vapor deposition ͑CVD͒. 18 It was characterized by x-ray photoelectron spectroscopy ͑XPS͒ that nitrogen atoms are doped with a pyridinelike configuration in our N-SWCNTs. 18 In the present work, we report transport characteristics of the N-SWCNT-FET employing the pyridinelike N-SWCNTs as a transport channel. Through the first-principles total energy calculations, we show that the pyridinelike nitrogen configuration is indeed energetically favored. Our N-SWCNTs show an ambipolar and p-type transport behaviors in vacuum and in air, respectively. Such transport characteristics are discussed in terms of the electronic structures, depending on the bonding configurations of the nitrogen dopants.
For the fabrication of the back-gate transistors, the network of N-SWCNTs with a nitrogen concentration of ϳ0.6% was site selectively grown with an ammonia flow of 1 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒ in defined regions for channel on SiO 2 ͑400 nm͒/Si substrates by the direct photolithographic method previously reported. 19 Source and drain electrodes of Ti ͑10 nm͒/Au ͑100nm͒ were formed by e-beam evaporation on the nanotube-grown substrate and subsequent lift-off process. The fabricated network transistors have a channel length of 2 m and a width of 40 m. The electrical measurements were performed at room temperature in air and in vacuum ͑ϳ10 −6 Torr͒ with a semiconductor parameter analyzer ͑HP4156C͒. The positive and negative regions of the gate voltage in Fig. 1 were swept from 0 to 30 and −30 V, respectively, and combined.
In Fig. 1͑a͒ , the transistor of N-SWCNT network shows p-type transport behavior in air, as characterized by the onand off-states in negative and positive biases, respectively, with the I on / I off ratio of 10 4 -10 5 . However, the p-type unipolar characteristics change to ambipolar transport only after evacuation for several hours, as shown in Fig. 1͑b͒ . It should be noted that the large increases in I ds at high V g are not due a͒ Author to whom correspondence should be addressed. to the leakage currents ͑I g ͒ through the gate oxide as compared in the inset figures. Such a conversion from p-type to ambipolar behavior is a typical behavior of the intrinsic SWCNT transistors, being ascribed to the removal of environmental oxygens. 15 The ambipolar behavior of our N-SWCNTs under vacuum condition suggests that the nitrogen dopants in our sample do not donate electron carrier to the conduction band of the SWCNT. Previously, based on XPS data, we discussed that the nitrogen dopants constitute the pyridinelike configuration in our N-SWCNT. 18 These are consistent with our theoretical results which will be presented in the later paragraph. Now we perform the first-principles density functional calculations to investigate the formation energy as well as the electronic structure of the N-SWCNTs. We use the Vienna ab initio simulation package, 20, 21 where the PerdewBurke-Enzerh-type generalized gradient approximation is employed for the exchange correlation potential, 22 and the projector augmented wave method is used for ionic potential. 23 The plane wave basis set, with the kinetic energy cutoff of 400 eV, is employed to describe the Kohn-Sham wave functions. We choose the ͑10,0͒ nanotube as a representative case for the semiconducting carbon nanotube. Figure 2 shows atomic configurations of the N-SWCNTs. The graphitelike configuration, in which the nitrogen dopant substitutes one carbon atom, is denoted by gr-N-SWCNT, as shown in Fig. 2͑a͒ . Here we investigate two types of the pyridinelike configurations. When two hydrogen atoms are attached to passivate the broken carbon bond, as shown in Fig. 2͑b͒ , the configuration is designated as pr-N-SWCNT1. Without such hydrogen atoms the total energy minimization calculation resulted in the formation of carbon pentagonal ring, as shown in Fig. 2͑c͒ , which is denoted by pr-N-SWCNT2. We note that there may be significant presences of methane, ammonia, and hydrogen molecules near the growing edge of the SWCNT during the CVD process. Then the energy change in the following transformation is likely to be a good indicator for the relative stability between N-SWCNTs:
The energy changes are presented in Fig. 2 . The geometry shown in Fig. 2 is the computational unit cell and the formation energy measured in this way tells that one pyridinelike configuration ͑pr-N-SWCNT1͒, described in Fig. 2͑b͒ , is indeed energetically favored than the graphitelike configuration.
In Fig. 3 , we compare the electronic structure of the pure ͑10,0͒ SWCNT ͓Fig. 3͑a͔͒, the N-SWCNT in the graphitelike configurations ͓Fig. 3͑b͔͒, and those in pyridinelike configurations ͓Fig. 3͑c͒ and 3͑d͔͒. Figure 3͑a͒ shows the partial density of states ͑DOS͒ for 20 carbon atoms along the zigzag chain of the pure ͑10,0͒ SWCNT. The two downward arrows indicate the valence band and conduction band edges of the SWCNT, respectively. In the case of the graphitelike nitrogen doping, as shown in Fig. 3͑b͒ , the Fermi level locates at the conduction band edge of the N-SWCNT. We note that the nitrogen-derived states are much overlapped with the carbon states, and the electron states in the conduction bands are substantially occupied. This obviously represents the electron-donating features of the graphiticlike nitrogen dopant, being in consistent with many previous reports. 17, 24 However, in the case of the pyridinelike nitrogen doping, as shown in Fig. 3͑c͒ , we observe that the Fermi level is now at the midgap of the nanotube. This type of nitrogen dopant does not contribute to electron carriers, and the transport measurement should result in an ambipolar behavior, as consistent with our measurements. In this ͑10,0͒ nanotube, the pyridine ring does not necessarily align with the nanotube axis. Two different configurations could be constructed by rotating the pyridine ring by 60°in its plane. We found that overall features of the electronic structure of such pyridinelike N-SWCNTs were almost the same, as that shown in Fig.  3͑c͒ . This implies that the orientation of the pyridine ring does not matter, and further the effect of the pyridinelike N doping in nanotubes of different chiralities should be nearly the same. Figure 3͑d͒ shows the electronic structure of the N-SWCNT with three neighboring pyridinelike nitrogen dopants. In this case the Fermi level is also in the gap of the nanotube, but closer to the valence band edge of the SWCNT.
In summary, electrical transport characteristics of N-SWCNTs with a pyridinelike bonding configuration was studied with the FET operations. Contrary to the expectation for the n-type doping nature of nitrogen atom, the electrical transports through our N-SWCNTs are p-type in air and ambipolar in vacuum. The electronic structure calculations showed that the Fermi level of the N-SWCNT with such a pyridinelike nitrogen dopant is almost at the intrinsic level, which is quite in contrast to the obvious electron-donating feature of the nitrogen dopant in graphitelike configuration, and explains well the intrinsiclike electrical behavior of our N-SWCNTs. This work was supported by the Tera-level NanoDevices ͑TND͒ Program of the Ministry of Science and Technology, Korea. FIG. 3 . ͑Color online͒ Electronic structure of the ͑10,0͒ nanotubes ͑a͒ without any defect, ͑b͒ with one graphitelike N dopant, ͑c͒ with one pyridinelike N dopant and two passivating hydrogen atoms, and ͑d͒ with three neighbored pyridinelike N dopants. Solid red lines are DOSs for the carbon atom in the zigzag chain ͑20 C atoms͒ and the dotted green lines are those of nitrogen atoms. Two downward arrows in ͑a͒-͑d͒ indicate the position of the valence band and conduction band edges of the intrinsic carbon nanotube. Corresponding atomic geometries, which are the unit cell in the ab initio calculations, are shown right to the DOSs. In the atomic geometries nitrogen atoms are emphasized with blue circles. Upward thick arrow in the atomic geometry indicates the selected carbon zigzag chains for the partial DOS plot.
